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PROBLEM: What 
can a fossil tell 
you about life 
long ago?

TO SOLVE THIS PROBLEM, 
perform these activities as 
they come up in the unit, 
and record your findings in 
your  Explorer’s Journal. 

PROBLEM LAUNCH
Conduct research on a fossil 
found in your region. Gather 
information to create a natural 
history display of your fossil.

BOUNCE TO ACTIVATE 

Watch a video about how 
fossils are discovered and 
the information that can be 
gathered from fossils.

VIDEO

Fossilized  
EVIDENCE OF LIFE LONG AGO

Imagine you wanted to know 
about life in your town one hundred years 
ago. You could read newspapers or look at 
photographs from that time. Or you could 
talk to people who know stories from that 
time. But what if you want to know what the 
place you live in was like millions of years 
ago? Earth’s first living things arose over 
3 billion years ago. Ever since, new species 
have evolved, and most of them have also 
gone extinct. We know they existed because 
a few organisms left behind fossils, which are 
preserved traces or remains. Fossils provide 
evidence for the history of life on Earth, as 
well as explanations for how life has changed 
over time.
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Estimate the age of 
fossils at a dig site using 
radiometric dating.

INTERACTIVITY

Create a model of your 
fossil as well as a short 
write-up of your research.

STEM PROJECT

Read an article about 
how Tiktaalik fossils have 
provided scientists with 
evidence of how aquatic 
life evolved for life on 
land.

AUTHENTIC READING

PROBLEM WRAP-UP
Present your fossil as part of 
a class natural history exhibit. 
Present your model as well as 
other information to help others 
learn about your fossil.

Learn how fossils provide 
evidence of evolution.

INTERACTIVITY
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VIRTUAL LAB

VIDEO

AUDIO

eTEXT
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Go Online to 
access your 
digital course.
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CASE STUDY

Australia’s native people have known about the 
curious creature we call a platypus for a very 
long time. One of their myths suggests that 
a particularly determined water rat somehow 
managed to mate with a female duck. The off-
spring combine their father’s four legs and fur, 
with their mother’s beak and webbed feet. (Not 
likely in the real world.)

When a scientist at the British Museum 
first saw a dried specimen, he doubted “the 
genuine nature of the animal.” In fact, he cut 
around the beak, trying to show that someone 
had sewn a bird’s beak onto a mammal skin. 
(He failed.)

Only after many specimens showed up in 
museums, and lots more reports of live platy-
pus came in from Australia, did Europeans 
finally admit that the creatures were real. They 
then tried to figure out where this oddball ani-
mal belonged in the scheme of life they were 
constructing. (They got very confused.)

A platypus is about the size of a beaver, 
with a furry body and a broad tail. It lives in 
rivers, lakes, and streams. Females produce 
and feed their young milk. And males’ repro-
ductive organs resemble those of mammals.

So … are they mammals? Maybe. But 
females’ reproductive organs share a mix of 
reptilian and mammalian traits. They lay eggs 
with leathery shells. Males’ venom resembles 
that of snakes and other reptiles. And their 
four limbs point outward from the sides of their 
bodies like those of alligators and crocodiles.

So … are they reptiles? Perhaps. But the 
platypus also has features more often seen in 
birds, such as a beak that looks remarkably 
like the ones ducks use to dig through the 
muck of rivers and streams. Females incubate 
eggs for about 10 days.

Eventually, biologists decided—correctly—
that these strange creatures were very odd 
mammals. They are further placed into an 
ancient group of egg-laying mammals called 
monotremes, whose ancestors split off from 
ancestors of other mammals back during the 
days of the dinosaurs. Why mammals? Hair or 
fur and the production of milk for young are 
characteristics that distinguish all mammals 
from all other animal groups. Recent studies 
of the platypus genome confirm that they 
carry some genes similar to those of birds, 
some similar to genes of reptiles, and some 
like those of other mammals. 

What can the platypus teach us about the 
evolution of mammals? Why are monotremes 
classified as mammals?

Throughout this chapter, look for con-
nections to the CASE STUDY  to help you 
answer these questions.

The first European scientist to see a specimen labeled it a hoax—although he did give it a 

scientific name. An anatomist called it an “amphibious creature of the mole kind.” It had 

webbed feet with claws, an otter’s body, a beaver’s tail, and a duck’s beak. Males carried 

spurs that delivered snake-like venom. Was it fake? Or was it real? 

It’s a duck! No, it’s a beaver! No, it’s a 
platypus! 
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19.1
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SS
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N Finding Order in 
Biodiversity

KEY QUESTIONS
•	 What are the 

goals of binomial 
nomenclature and 
taxonomy?

•	 How did Linnaeus 
group species into 
larger taxa?

•	 What are the six 
kingdoms of life 
as they are now 
identified?

As European scientists traveled the world, they discovered plants and 
animals they had never seen before. They were eager to communi-
cate with each other about their discoveries. But the common names 
for organisms back then varied a lot from place to place. In fact, com-
mon names can still be confusing today. For example, in the United 
States, this big cat may be known as a cougar, a mountain lion, or a 
puma. Some of its Spanish common names are león Americano, león 
bayo, león Colorado, and onza bermeja! So, it isn’t surprising that 
biologists need a scientific system to universally identify species.

Assigning Scientific Names
Biologists now identify and organize biodiversity through a stan-
dardized system. Taxonomy is a system of naming and classifying 
organisms based on shared characteristics and universal rules. Each 
scientific name must refer to one and only one species. Scientists 
must all agree to use the same name for that species.

At first, European scientists tried to assign Latin or Greek names 
to each species. Unhappily, that idea didn’t work well. Early scientific 
names often described species in great detail, so names could be 
ridiculously long. For example, the English translation of the scientific 
name of a tree might be “Oak with deeply divided leaves that have 
no hairs on their undersides and no teeth around their edges.” It was 
also difficult to standardize these names.

Binomial Nomenclature   In the 1730s, Swedish botanist Carolus 
Linnaeus developed a naming system called binomial nomenclature. 
The system proved very successful and popular, and is still in use 
today.  In binomial nomenclature, each species is assigned a two-
part scientific name. Scientific names are written in italics. The first 
word begins with a capital letter, and the second word is in lowercase. 

Puma concolor

VOCABULARY
taxonomy
binomial nomenclature
genus
taxon
family
order
class
phylum
kingdom

READING TOOL

In your  Biology 
Foundations Workbook, 
order the events listed 
to describe the history 
of how scientists have 
organized and labeled 
living organisms.
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For example, the scientific name of the polar bear shown in 
Figure 19-1 is Ursus maritimus. The first part of that name—Ursus—is 
the genus to which the species belongs. A genus (plural: genera, 
jen ur uh) is a group of similar species. The genus Ursus contains five 
other species of bears, such as Ursus arctos, the brown bear or griz-
zly bear, and Ursus americanus, the American black bear. The second 
part of a scientific name is often a description of an important trait 
or the organism’s habitat. The Latin word maritimus refers to the sea, 
because polar bears often live on pack ice that floats in the sea.

Classifying Species into Larger Groups  In addition to 
naming organisms, biologists classify living and fossil species into larger 
groups. Whether you realize it or not, you classify things all the time. You 
may, for example, talk about “teachers” or “mechanics.” Sometimes 
you refer to a more specific group, such as “biology teachers” or “auto 
mechanics.” When you do this, you refer to these groups using widely 
accepted names and characteristics that many people understand.

The science of naming and grouping organisms is called 
systematics (sis tuh mat iks).  The goal of systematics is to 
organize living things into groups that have biological meaning. 
Biologists often refer to these groups as taxa (singular: taxon).

  READING CHECK  Synthesize  What are the parts of a scien-
tific name for an organism?

Figure 19-1

Binomial Nomenclature

Different species within the same genus, such as these bears, lemurs, and oak trees, share many characteristics in 
common, but differ from each other in distinctive ways.

Ursus maritimus Eulemur macaco Quercus virginiana

Ursus arctos Eulemur coronatus Quercus robur

VIDEO

Discover what it is like to 
find a new species.


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SPECIES
Camelus bactrianus

GENUS Camelus 

FAMILY Camelidae

ORDER Artiodactyla

CLASS Mammalia

PHYLUM Chordate

KINGDOM Animalia

 Dromedary Llama  Giraffe PlatypusBactrian
camel

Coral
snake

Sea star

The Linnaean Classification System
Linnaeus developed a classification system that organized species 
into taxa based on similarities and differences he could see.  Over 
time, Linnaeus’s original classification system expanded to include 
seven hierarchical taxa: species, genus, family, order, class, 
phylum, and kingdom.

Species and Genus  Let’s explore this classification system 
using camels as our subject. The scientific name of a camel with two 
humps is Camelus bactrianus. The second part of the name refers to 
Bactria, an ancient country in Asia. As you can see in Figure 19-2, the 
genus Camelus also includes another species, Camelus dromedarius, 
the dromedary, which has only one hump.

Family  Bactrian camels and dromedaries resemble llamas, which 
live in South America. But llamas are more similar to other South 
American species than they are to Asian and African camels. 
Therefore, llamas are placed in a different genus, Lama, and their 
species name is Lama glama. The genera Camelus and Lama are 
grouped with other genera that share many similarities into a larger 
taxon, the family Camelidae.

Order  Closely related families are grouped into the next larger 
taxon, called an order. Camels and llamas (family Camelidae) are 
grouped with several other animal families, including deer (family 
Cervidae) and cattle (family Bovidae). They form the order Artiodactyla, 
which includes hoofed animals with an even number of toes.

Figure 19-2

From Species to 
Kingdom

From species to kingdom, 
Camelus bactrianus is orga-
nized in larger and larger 
groups.  Interpret Visuals 
What is the most specific 
group to which both camels 
and platypuses belong?

CASE STUDY

INTERACTIVITY

Explore classification using 
the Linnaean system. 


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Class  Similar orders, in turn, are grouped into the next larger rank, 
a class. The order Artiodactyla is placed in the class Mammalia. The 
mammals include all animals that are warmblooded, have body hair, 
and produce milk for their young.

Phylum  Classes are grouped into a phylum. A phylum includes 
organisms that can look different, but share important character-
istics. The class Mammalia is placed in the phylum Chordata. The 
chordates are animals that share a body feature called a nerve cord 
along the back and other important body features. Phylum Chordata 
includes mammals, birds (class Aves), reptiles (class Reptilia), amphib-
ians (class Amphibia), and all classes of fishes.

Kingdom  The largest and most inclusive of traditional taxonomic 
categories is the kingdom. All multicellular animals are placed in the 
kingdom Animalia.

Classification Changes with New Discoveries  In a 
sense, organisms determine on their own who belongs to their spe-
cies. How? By deciding with whom they mate! If individuals living 
under natural conditions mate and produce fertile offspring, those 
parents and offspring are members of the same species. That’s a 
simple “natural” way to define species, the smallest important taxon. 

Higher taxa, on the other hand, are defined by rules created by 
researchers like Linnaeus. He classified organisms according to rules 
based on similarities and differences he could see. But that can 
get tricky. Look at the animals in Figure 19-3. Adult barnacles and 
limpets both live attached to rocks, and have similar-looking shells. 
Adult crabs, on the other hand, scramble around on jointed legs. 
Based on these easily visible characteristics, would you classify lim-
pets and barnacles together, and put crabs in a different group? 

As biologists attempted to classify more and more organisms, these 
kinds of questions arose frequently. Which characteristics are most 
important? In addition, ongoing discoveries in genetics, cell biology, 
and development revealed scores of new and different characteristics. 
Rules for ranking the importance of those characteristics in forming 
higher taxa groups have changed over time. In addition, biologists 
today want classification to reflect Darwinian theory by grouping organ-
isms into taxa that reflect how closely related they are to each other. 

  READING CHECK  Synthesize  What are the seven taxa  
in hierarchical order, from most general to most specific?

BUILD VOCABULARY

Multiple Meanings The words 
family, order, class, and  
kingdom all mean something 
different in everyday usage 
than they do in biological 
classification. For example, 
in everyday usage, a fam-
ily is a group of people who 
are related to one another. In 
systematics, a family is a group 
of genera. Use a dictionary to 
find the common meanings of 
order, class, and kingdom.

Figure 19-3

Classifying Organisms 
by Appearance 

Barnacles may appear similar 
to limpets, but their interiors 
show more structural similiar-
ity to crabs. These animals 
show the difficulty of classify-
ing organisms by appearances 
alone.

INTERACTIVITY 

Crab

Limpets

Barnacles
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Changing Ideas About Kingdoms
During Linnaeus’s time, the only known fundamental differences 
among living things were the characteristics that separated animals 
from plants. For this reason, the two kingdoms of this time were 
Animalia and Plantae. Over time, biologists learned more about the 
natural world. The classification systems have changed dramatically, 
as shown in Figure 19-4.

From Two to Six Kingdoms  Researchers found faults with 
the two-kingdom system when they began to study microorganisms. 
They discovered that single-celled organisms were significantly dif-
ferent from plants and animals. At first, they placed all microorgan-
isms in a single kingdom, called Protista. Then yeasts, molds, and 
multicellular mushrooms were placed in the new kingdom Fungi.

Guided InquiryQuick Lab

A.			   B.			   C.



A dichotomous key is a series of steps that lead to a classification of 
an organism. It consists of a series of paired statements that describe 
alternative characteristics of organisms. Use the key to identify the type of 
tree that produced each leaf. Begin with Step 1. Your answer to each step 
will either bring you to the next step or identify the tree. The results will 
show either the next step or the name of the tree. 

ANALYZE AND CONCLUDE

1.	Classify  Identify the type of tree that produced leaves A, B, and C.

2.	Identify Patterns  Use the objects provided by your teacher to 
make your own dichotomous key. 

Dichotomous Key for Classifying Leaves
Step Leaf Characteristics Result

1a 
1b

Compound leaf, divided into leaflets 
Simple leaf, not divided into leaflets

Go to step 2 
Go to step 4

2a
2b

Leaflets all attached at a central point 
Leaflets attached at several points

Buckeye 
Go to step 3

3a
3b

Leaflets tapered with pointed tips 
Leaflets oval with rounded tips

Pecan 
Locust

4a
4b  

Veins branched out from one central point 
Veins branched off main vein in middle of the leaf

Go to step 5 
Go to step 6

5a
5b

Heart-shaped leaf 
Star-shaped leaf

Redbud 
Sweet gum

6a
6b

Leaf with jagged edges 
Oval leaf

Birch 
Magnolia

Using a Dichotomous Key
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Later still, scientists realized that bacteria lack the nuclei, mito-
chondria, and chloroplasts found in other forms of life. All pro-
karyotes were placed in another new kingdom, called Monera. 
Single-celled eukaryotic organisms remained in the kingdom Protista. 
This process produced five kingdoms: Monera, Protista, Fungi, 
Plantae, and Animalia.

By the 1990s, researchers had learned enough about bacteria 
to realize that some organisms lumped together as Monera were 
very different from one another genetically and biochemically. As 
a result, monerans were separated into two kingdoms, Eubacteria 
and Archaebacteria. The total number of kingdoms is now six. 

 The six-kingdom system of classification includes the king-
doms Eubacteria, Archaebacteria, Protista, Fungi, Plantae, and 
Animalia. This system of classification is shown in the bottom row of 
the chart in Figure 19-4.

Figure 19-4

Kingdoms Over Time

This diagram shows some of 
the ways in which organisms 
have been classified into king-
doms since the 1700s.

Visual Summary

Plantae Animalia

Protista

Monera

Plantae

Plantae

ArchaebacteriaEubacteria “Protista” Fungi Plantae Animalia

Animalia

Animalia

Fungi“Protista”

Names of KingdomsFirst Introduced

1700s

Late 1800s

1950s

1990s

Kingdoms of Life, 1700s–1990s

Lactobacillus acidophilus

SEM 1724×

Eubacteria

LM 90×

Euglena viridis

“Protista”

Paeonia lactiflora

Plantae

TEM 4750×

Halobacterium mediterranei

Archaebacteria

Amanita muscaria

Fungi

Symphorichthys spilurus

Animalia
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Figure 19-5

Three Domains

ArchaebacteriaKINGDOM

EukaryaArchaeaDOMAIN

Prokaryote

Amoeba,
Paramecium,
slime molds,
giant kelp

Fungi

Eukaryote

No cell walls
or chloroplasts

Plantae

Eukaryote

Cell walls of
cellulose; 
chloroplasts

Animalia

Cell walls of
chitin

Most
multicellular;
some
unicellular

Cell walls of 
cellulose in
some; some have
chloroplasts

Multicellular

Heterotroph

Sponges,
worms,
insects, fishes,
mammals

Heterotroph

Mushrooms,
yeasts

“Protista”

Bacteria

Cell walls with
peptidoglycan

Eubacteria

CELL TYPE

NUMBER
OF CELLS

MODE OF 
NUTRITION

Eukaryote

Most unicellular;
some colonial;
some
multicellular

Autotroph or
heterotroph

Autotroph or
heterotroph

Methanogens,
halophiles

Mosses, ferns,
flowering
plants

Most
multicellular;
some green
algae unicellular

UnicellularUnicellular

EXAMPLES

CELL
STRUCTURES

Streptococcus,
Escherichia coli

Autotroph

EukaryoteProkaryote

Autotroph or
heterotroph

Cell walls
without
peptidoglycan

Classification of Living Things

Three Domains  Still more recent genomic analysis has revealed 
that the two main prokaryotic groups are even more different from 
each other, and from eukaryotes, than previously thought. So biolo-
gists established a new taxonomic category—the domain. A domain 
is even larger than a kingdom. The three are Bacteria (the old king-
dom Eubacteria), Archaea (the old kingdom Archaebacteria), and 
Eukarya (kingdoms Fungi, Plantae, Animalia, and “Protista”), as 
shown in Figure 19-5.

Why do we put quotation marks around the old kingdom 
Protista?  Recent research shows that there is no way to put all 
unicellular eukaryotes into a taxon that contains a single common 
ancestor, all of its descendants, and only those descendants. Since 
only that kind of taxon is valid under evolutionary classification, 
quotation marks are used to show that this is not a taxon of the sort 
modern biologists prefer. 

  KEY QUESTIONS

1.	Identify two goals of systematics.

2.	In which group of organisms are the members 
more closely related—all of the organisms in 
the same kingdom or all of the organisms in the 
same order? Explain your answer. 

3.	How do the six kingdoms fit into the three 
domains?

CRITICAL THINKING

4.	Define the Problem  What problem is solved by 
the Linnaean system of classification?

5.	Identify Patterns  A starfish and a sea cucumber 
are both members of the same phylum, called 
Echinodermata. From this information, what 
other taxa can you conclude that they share?

6.	 CASE STUDY   The platypus is the only living 
member of the family Ornithorhynchidae. Based 
on this information, what conclusion can you 
make about its genus? 

LESSON 19.1 Review

Today, organisms are com-
monly grouped into three 
domains and six kingdoms. 
This table summarizes the key 
characteristics used to classify 
organisms into these higher 
taxa. 
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Modern Evolutionary 
Classification 19.2

LE
SS

O
N

Darwin’s “tree of life” suggests a way to classify organisms based 
on how closely related they are. When taxa are rearranged this way, 
some old Linnaean ranks fall apart. For example, the Linnaean class 
Reptilia isn’t valid unless birds are included—which means birds are 
reptiles! And not only are birds reptiles, they are also descended 
from dinosaurs! Wondering why? To understand, we need to look at 
the way evolutionary classification works.

Evolutionary Classification
The core Darwinian concept of descent with modification revolution-
ized classification. First, Darwinian theory gave birth to the field of 
phylogeny. Phylogeny (fy lahj uh nee) is the study of the evolutionary 
history of lineages of organisms. Advances in phylogeny, in turn, led to 
evolutionary classification.  The goal of evolutionary classification 
is to group species into larger categories that reflect lines of evolu-
tionary descent, rather than overall similarities and differences.

Evolutionary classification places organisms into higher taxa whose 
members are more closely related to one another than they are to 
members of any other group. The larger a taxon is, the farther back in 
time all of its members shared a common ancestor. This is true all the 
way up to the largest taxa—the domains described in the last lesson.

Classifying organisms according to these rules places them into 
groups called clades. A clade is a group of species that includes a 
single common ancestor and all descendants of that ancestor—living 
and extinct. Some of the old higher taxa fit those requirements well. 
Other old taxa are not proper clades. Certain taxa fail the “clade 
test” because they include species descended from more than one 
different ancestor. Others (like the Linnaean class Reptilia) are not 
valid because they exclude some descendants of a single common 
ancestor (like birds).

KEY QUESTIONS
•	 What is the goal 

of evolutionary 
classification?

•	 What is a cladogram?
•	 How are DNA 

sequences used in 
classification?

•	 What does the tree of 
life show?

HS-LS4-1: Communicate scientific 
information that common ancestry and 
biological evolution are supported by 
multiple lines of empirical evidence. 

 VOCABULARY 
phylogeny
clade
cladogram
derived character

READING TOOL

As you read, define and 
give examples of derived 
characters and lost traits. 
Fill in the table in your  

 Biology Foundations 
Workbook.
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Splitting event
Ancestral lineage

1  Cladograms are diagrams showing how 
evolutionary lines, or lineages, split from 
each other over time. This diagram shows
a single ancestral lineage splitting into two. 

2  The relationship of lineages to each 
other is based on how recently they share 
a common ancestor. Here, lineages 3 and 
4 are each more closely related to each 
other than any of them is to any other 
lineage.

3  This cladogram shows the evolutionary 
relationships among vertebrates, animals 
with backbones.

Cladograms
Modern evolutionary classification uses a method called cladistic anal-
ysis. Cladistic analysis compares carefully selected traits to determine 
the order in which groups of organisms branched off from their com-
mon ancestors. This information is then used to link clades together 
into a diagram called a cladogram.  A cladogram links groups of 
organisms by showing current hypotheses about how evolutionary 
lines, or lineages, branched off from common ancestors.

Building Cladograms  To understand how cladograms are con-
structed, think back to the process of speciation and look at part 1 
of Figure 19-6. Part 1 represents how one ancestral species branches 
into two species, each of which could found a new lineage. Now 
look at part 2. The bottom, or “root” of this cladogram, represents 
the common ancestor shared by all organisms in the cladogram. 
The branching pattern shows how closely related various lineages 
are. Each branch point represents the last point at which species in 
lineages above that point shared a common ancestor. Lineages 3 
and 4 share a common ancestor more recently with each other than 
they do with lineage 2. So you know that lineages 3 and 4 are more 
closely related to each other than either is to lineage 2. The same 
is true for lineages 2, 3, and 4. All three of these groups are more 
closely related to each other than any of them is to lineage 1. Now 
look at part 3 of the figure. Does it surprise you that amphibians are 
more closely related to mammals than they are to ray-finned fish? 

Figure 19-6

Building a Cladogram

A cladogram shows relative 
degrees of relatedness among 
lineages.

INTERACTIVITY

Complete a cladogram 
that shows the evolutionary 
history of plants. 


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Coyote

Lion

Tetrapoda Four limbs is a derived
character for the entire clade
Tetrapoda, which contains many
other clades of four-limbed animals.   

Mammalia Hair is a derived
character for the entire clade
Mammalia, which contains
many other clades of mammals
in addition to Carnivora.     

Carnivora Shearing teeth are a
derived character for clade Carnivora.
Other clades within Mammalia do not
have shearing teeth. 

 

Felidae Retractable claws are a derived
character for clade Felidae. Other clades
within Carnivora do not have retractable claws.

Derived Characters  Cladistic analysis focuses on certain kinds 
of characters, called derived characters. A derived character is a 
trait that arose in the most recent common ancestor of a lineage and 
was passed to its descendants.

Whether or not a character is derived depends on the level at 
which you’re grouping organisms. Here’s what we mean. Figure 19-7 
shows several traits shared by coyotes and lions, members of the 
clades Tetrapoda, Mammalia, and Carnivora. Four limbs is a derived 
character for the entire clade Tetrapoda, because the common 
ancestor of all tetrapods had four limbs. But if we look just at mam-
mals, four limbs is not a derived character. If it were, only mammals 
would have four limbs. Hair, on the other hand, is a derived character 
for the clade Mammalia. But neither four limbs nor hair is a derived 
character for clade Carnivora. Why? Other species not in this clade 
also have four limbs (i.e. frogs) or hair (i.e. rodents). Specialized 
shearing teeth, however, is a derived character for Carnivora. What 
about retractable claws? This trait is found in lions, but not in coy-
otes. Thus, retractable claws is a derived character for the clade 
Felidae, a subgroup of Carnivora that consists of cats.  

Losing Traits  As stated, four limbs is a derived character for clade 
Tetrapoda. But what about snakes? Snakes are reptiles, which are 
tetrapods. But snakes don’t have four limbs! The ancestors of snakes, 
however, did have four limbs. Somewhere in the lineage leading to 
modern snakes, that trait was lost. Because distantly related groups 
can sometimes lose a character, systematists are cautious about using 
the absence of a trait as a character in their analyses. After all, whales 
don’t have four limbs either, but snakes are certainly more closely 
related to other reptiles than they are to whales.

  READING CHECK  Classify  Are both coyotes and lions a 
member of the clade Carnivora? Explain.

Figure 19-7

Derived Characters

Shared characters put both 
lions and coyotes in several 
clades, including Tetrapoda 
(four legs), Mammalia (hair), 
and Carnivora (shearing teeth). 
Only the lion, however, has 
retractable claws, a derived 
character for the clade Felidae.

BUILD VOCABULARY

Academic Words The term 
derived refers to a beginning 
or origin. Some English words, 
for example, are derived from 
other languages. A derived 
character is a trait that has a 
common origin in a clade.
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Clade Tetrapoda

Amphibians

Four
limbs

Amniotic egg
(egg with
membranes)

Hair

Specialized
shearing
teeth

Retractable
claws

Reptiles Marsupials Dogs and relatives Cats

Clade Amniota

Clade Mammalia

Clade Carnivora Clade Felidae

A clade consists of a single
common ancestor and all the
groups that have descended
from that ancestor.

Each branching point represents
the last point at which those two
groups shared a common
ancestor. At this point, marsupials
have branched off from other
mammals. 

A derived character, like
retractable claws, is a trait
shared by all members of
a clade and only by
members of that clade.

Interpreting Cladograms  Look at Figure 19-8, which shows 
a simplified phylogeny of the cat family. The lowest branching point 
represents the last common ancestor of all four-limbed animals, 
which are members of the clade Tetrapoda. The forks in this clado-
gram show the order in which various groups branched off from the 
tetrapod lineage. The positions of various characters in the clado-
gram reflect the order in which those characteristics arose. Hair, 
for example, is a defining character for the clade Mammalia. In the 
lineage leading to cats, specialized shearing teeth evolved before 
retractable claws.

Furthermore, each derived character listed along the main trunk of 
the cladogram defines a clade. Retractable claws is a derived char-
acter shared only by the clade Felidae. Derived characters that occur 
“lower” on the cladogram than the branch point for a clade are not 
derived for that particular clade. Note that hair is a derived character 
for the entire clade Mammalia, but it is not a derived character for the 
branch of mammals in the clade Carnivora.

Clades and Traditional Groups  Which Linnaean group-
ings form clades, and which do not? Remember that a true clade 
must contain an ancestral species and all of its descendants, with no 
exceptions. It also must exclude all species that are not descendants 
of the original ancestor. Cladistic analysis shows that many traditional 
taxonomic groups form valid clades. For example, Linnaean class 
Mammalia corresponds to clade Mammalia.

CASE STUDY 

Figure 19-8

Interpreting a 
Cladogram

In a cladogram, all organ-
isms in a clade share a set of 
derived characters. Notice 
that smaller clades are 
nested within larger clades. 

 Interpret Visuals For 
which clade is an amniotic egg 
a derived character? Is the 
duck-billed platypus a member 
of the clade Amniota? Explain.
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In other cases, however, traditional groups are not valid clades, as 
Figure 19-9 shows. Today’s reptiles are all descended from a common 
ancestor. Birds were traditionally treated as a separate class, Aves. 
But birds are descended from that same common ancestor as rep-
tiles. So class Reptilia, without birds, is not a clade. There are several 
valid clades that do include birds: Aves, Dinosauria, and the clade 
Reptilia. Can you now see why biologists say that birds are dinosaurs?

You may wonder: class Reptilia, clade Reptilia—who cares? 
But these names represent important concepts in classification. 
Remember that modern biologists want classification systems to 
represent the evolutionary relationships among organisms. Accurate 
understanding of those relationships can be very helpful in compar-
ing and contrasting characteristics among and between clades.

  READING CHECK  Compare  What do all clades have in 
common, regardless of their size?

Figure 19-9

Clade or Not?

A clade includes an ancestral species and all its descendants. Linnaean class 
Reptilia is not a clade because it does not include modern birds. Clades Reptilia 
and Aves are valid clades. Note that these cladograms include living groups only. 

Class Reptilia: 
Not a Clade
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DNA in Classification
The examples of cladistic analysis we’ve discussed so far are based 
largely on physical characteristics like skeletons and teeth. However, 
the goal of modern systematics is to understand the evolutionary 
relationships of all life on Earth, including bacteria, plants, worms, 
and octopuses. How can we devise hypotheses about the common 
ancestors of organisms that have no physical similarities?

Genes as Derived Characters  Remember that all organisms 
carry genetic information in DNA. They inherit genes from earlier 
generations. As scientists have discovered, a wide range of organisms 
share genes that can be used to determine evolutionary relationships.

For example, all eukaryotic cells have mitochondria, and all mito-
chondria have their own genes. Because all genes mutate over time, 
shared genes contain differences that can be treated as derived char-
acters in cladistic analysis. For that reason, similarities and differences 
in DNA can be used to develop hypotheses about evolutionary rela-
tionships.  In general, the more derived genetic characters two 
species share, the more recently they shared a common ancestor 
and the more closely they are related in evolutionary terms.

Figure 19-10

DNA and Classification

The two vultures appear very different from 
the stork. However, DNA analysis suggests 
that American vultures, such as the turkey 
vulture, are more closely related to storks 
than they are to other vultures.

African hooded vulture 
(Necrosyrtes monachus)

American turkey vulture (Cathartes aura)

Saddle-billed stork (Ephippiorhynchus senegalensis)

Classify five shark species 
based on morphology and 
DNA analysis. 

INTERACTIVITY
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Racoons
(Procyon lotor)

Red pandas
(Ailurus fulgens)

Common Ancestor

Giant pandas
(Ailuropoda melanoleuca)

Polar bears 
(Ursus maritimus)

New Techniques Suggest New Trees  DNA analysis has 
helped to make evolutionary trees more accurate. Consider, for 
example, the birds shown in Figure 19-10. The hooded vulture from 
Africa looks a lot like the American turkey vulture. Both were tradition-
ally classified in the Falcon clade. However, American vultures have 
a peculiar behavior: When they get overheated, they urinate on their 
legs, allowing evaporation to cool them down. Storks share this behav-
ior, while hooded vultures and other vultures from Africa do not. Could 
the behavior be a clue to the real relationships between these birds?

Biologists solved the puzzle by analyzing DNA from all three spe-
cies. Molecular analysis showed that the DNA from American vul-
tures is more similar to the DNA of storks than to the DNA of African 
vultures. DNA evidence therefore suggests that American vultures 
and storks share a more recent common ancestor than the American 
and African vultures do.

Often, scientists use DNA evidence when anatomical traits alone 
cannot provide clear answers. Giant pandas and red pandas, for 
example, puzzled taxonomists for many years. These species share 
anatomical similarities with both bears and raccoons, and both have 
peculiar wrist bones that work like a human thumb. DNA analysis 
revealed that the giant panda shares a more recent common ances-
tor with bears than with raccoons. DNA places red pandas, however, 
outside the bear clade. So giant pandas have been reclassified, and 
are now placed with other bears in the clade Ursidae, as shown in 
Figure 19-11. The red panda is now placed in a different clade that 
also includes raccoons, seals, and weasels.

  READING CHECK  Summarize  Why is DNA analysis useful 
for classification?

Figure 19-11

Classification of Pandas

Biologists used to classify the 
red panda and the giant panda 
together. However, cladistics 
analysis using DNA suggests 
that the giant panda shares a 
more recent common ancestor 
with bears than with either red 
pandas or raccoons.
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Eubacteria

Archaebacteria

DOMAIN
ARCHAEA

DOMAIN
BACTERIA

DOMAIN EUKARYA

The Tree of All Life
Modern evolutionary classification is a rapidly changing science with 
a difficult goal—to present all life on a single evolutionary tree. As 
new discoveries are made, biologists change the way organisms are 
grouped. Sometimes they change the names of groups. Remember 
that cladograms are visual presentations of hypotheses about rela-
tionships, and not final.  The tree of all life illustrates current 
hypotheses regarding evolutionary relationships among the taxa 
within the three domains of life. Figure 19-12 shows a simplified 
version of the tree.

Domain Bacteria  Members of the domain Bacteria are unicel-
lular and prokaryotic. Their cells have thick, rigid walls that surround 
a cell membrane. The cell walls contain a substance known as pepti-
doglycan (pep tih doh gly kun). These bacteria range from free-living 
soil organisms to deadly parasites. Some photosynthesize, while oth-
ers do not. Some need oxygen to survive, while others are killed by 
oxygen. This domain corresponds to the old kingdom Eubacteria.

Domain Archaea  Like Bacteria, members of the domain Archaea 
(ahr kee uh) are also unicellular and prokaryotic. However, Archaea 
live in some of Earth’s most extreme environments, such as volcanic 
hot springs, brine pools, and black organic mud totally devoid of 
oxygen. Indeed, many archaea can survive only in the absence of 
oxygen. Their cell walls lack peptidoglycan, and their cell membranes 
contain unusual lipids that are not found in any other organisms. The 
domain Archaea corresponds to the old kingdom Archaebacteria.

Figure 19-12

Tree of Life

The tree of life shows the latest 
hypothesis about how major 
groups of organisms are related 
to one another. Note that both 
domain and kingdom designa-
tions are shown. Classify 
Which of the six kingdoms con-
tains organisms that are not all in 
the same clade?
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Eubacteria

Archaebacteria

“Protists”

Plantae

Fungi

Animalia

Domain Eukarya  The domain Eukarya consists of all organisms 
that have a nucleus. It comprises the four remaining major groups of 
the old six-kingdom system: Protista, Fungi, Plantae, and Animalia.

“Protists”: Unicellular Eukaryotes  Remember that this old 
kingdom is not a valid clade. People still use the name “protists” 
casually to refer to these organisms. However, scientists have known 
for years that many of these organisms are fundamentally different 
from one another, so the casual name has little meaning. Figure 19-12 
shows that current cladistic analysis divides these organisms into at 
least five clades. The positions of these groups on the cladogram 
reflect current hypotheses about their evolutionary histories.

The protists are divided into several separate clades that also 
include other types of species. Most clades are unicellular, but one 
clade, the brown algae, is multicellular. Some are photosynthetic, 
while others are heterotrophic. 

Fungi  Members of the kingdom Fungi are heterotrophs with cell walls 
containing chitin. Mushrooms are multicellular. Some fungi, including 
yeasts, are unicellular. Fungal ecology is complicated, although most 
obtain nutrients from organic matter. Many fungi once thought to be 
just decomposers also act as symbionts with the roots of plants. 

Plantae  Members of the kingdom Plantae are autotrophs with cell 
walls that contain cellulose. Autotrophic plants photosynthesize using  
chlorophyll. The plant kingdom includes green algae, mosses, ferns, 
cone-bearing plants, and flowering plants. Some species of green 
algae are unicellular, and others are multicellular. All other types of 
plants are multicellular.

Animalia  Members of the kingdom Animalia are multicellular and 
heterotrophic. Animal cells do not have cell walls. Most animals can 
move about, at least for some part of their life cycle. There is incred-
ible diversity within the animal kingdom. 

READING TOOL

Use the visual to explain 
why “Protists” do not form 
a valid clade.
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A Revised Tree of Life  The tree shown in Figure 19-12 is 
drawn to clearly illustrate current hypotheses about relationships 
among the groups of organisms that you are likely to know. That kind 
of tree, however, gives a couple of incorrect impressions. For one 
thing, its style of presentation suggests that mammals are the latest 
and greatest living things. It also misrepresents the relative numbers 
of organisms belonging to different clades. There are almost unimag-
inably large numbers of species in domains Eubacteria and Archaea, 
and equally overwhelming numbers of single-celled eukaryotes. 
Those clades literally dwarf the clades of multicellular fungi, plants, 
and animals that most people know best.

So what’s the solution? What kind of cladogram could show a more 
accurate picture of the full diversity of life? To more accurately portray 
the living world, that kind of tree would spread organisms out to reflect 
the genetic diversity that underlies major differences in biochemistry 
and cell structure. The difficulty is that if we draw such a tree in the 
“normal” style for cladograms, it would spread out over several pages. 
One solution, proposed by biologist David Hillis, of the University of 
Texas at Austin, is shown in Figure 19-13. It provides a truer represen-
tation of the full diversity we know exists among living organisms.

 KEY IDEAS
1.	How is the goal of evolutionary classification dif-

ferent from Linnaean classification?

2.	What is the relationship between a clade and a 
cladogram?

3.	How do taxonomists use the DNA sequences of 
species to determine how closely two species are 
related? 

4.	How is the tree of life related to the work of 
Charles Darwin?

CRITICAL THINKING

5.	Apply Scientific Reasoning   The family 
Camelidae includes camels and llamas. Do all 
the living members of the family form a clade? 
Explain.

6.	 CASE STUDY   A scientist studies the DNA in 
corresponding genes of a platypus, a beaver, 
and a duck. The DNA from which two species 
are most likely to be most similar? Explain your 
answer.

LESSON 19.2 Review

Construct a Cladogram
Problem How can you use a cladogram to model 
the evolutionary relationship among species?

In this lab, you will make models of organisms 
to show evolutionary relationships. Then you will 
study a model made by another group. You will 
use your skills of observation and logical reason-
ing to identify the derived characters and con-
struct a cladogram.

You can find this lab in your digital course. 

Guided 
Inquiry 

Argument-Based Inquiry

HS-LS4-1

HS-LS1-4

628  Chapter 19  Biodiversity and Classification



Source: David M. Hillis, Derrick 
Zwickl, and Robin Gutell, 
University of Texas
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Can
dida fr

ag
i

Can
dida p

syc
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Candida sh
ehatae var sh
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Candida palmioleophila

Candida fluvia
tilis

Candida sa
ito

ana

Candida pseudoglaebosa

Candida glaebosa

Candida insecta
mans

Candida lyx
osophila

Candida kru
isii

Candida tanzawaensis

Candida sa
ke

Candida austro
marina

Candida co
ipomoensis

Candida ergaste
nsis

Pich
ia angusta
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s m
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a telluris

Saccharomyces d
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Saccharomyces se
r vazzii

Sacch
aromyce

s unisporus

Saccharomyces tr
ansvaalensis

Zygosacch
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s m
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Torulaspora globosa

Torulaspora delbrueckii

Torulaspora pretoriensis

Zygosaccharomyces m
icroellipsoide

Candida colliculosa

Kazachsta
nia vitic

ola

Kluyveromyces b
lattae

Kluyveromyces p
haffii

Zygosacch
aromyce

s florentinus

Candida glabrata

Kluyveromyces delphensis

Saccharomyces pastorianus

Saccharomyces cerevisia
e

Saccharomyces cerevisia
e 2

Saccharomyces bayanus

Saccharomyces paradoxus

Kluyveromyces polysp
orus

Kluyveromyces y arrowii

Kluyveromyces lo
dderae

Saccharomyces ro
sinii

Kluyveromyces afr icanus

Saccharomyces sp
encerorum

Saccharomyces exiguus

Saccharomyces barnettii

Saccharomyces castellii

Zygosaccharomyces fe
rmentati

Saccharomyces kluyv eri

Kluyveromyces th
ermotolerans

Kluyveromyces w
altii

Saccharomycodes lu
dwigii

Hanseniaspora uvarum

Willio
psis p

ratensis
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psis c

alifornica

Starmera amethionina var pachy

Starmera amethionina var ameth

Starmera caribaea

Pichia anomala

Willio
psis s

aturnus

Willio
psis s

aturnus var mrakii

Willio
psis m

ucosa

Pachysolen tannophilus

Candida chilensis

Candida cylindracea

Candida savonica

Candida mesenterica

Candida suecica

Phaffomyces antille
nsis

Phaffomyces opuntiae

Phaffomyces thermotolerans

Yarrowia lipolytica
Candida rugosa

Candida catenulata

Candida pseudointermedia

Candida intermedia

Candida akabanensis

Candida oregonensis

Candida haemulonii

Candida tsuchiyae

Clavispora lusitaniae

Candida melibiosica

Candida torresii

Metschnikowia bicuspidata

Candida agrestis

Metschnikowia reukaufii

Metschnikowia pulcherrim
a

Candida mogii

Brettanomyces bruxellensis

Dekkera bruxellensis
Dekkera anomala

Brettanomyces anomalus

Dekkera custersiana

Dekkera naardenensis

Candida insectalens
Candida silvatica

Issatchenkia or ientalis

Pichia membranaefaciens

Candida spandovensis
Candida apicola
Candida bombi

Starmerella bombicola

Candida geochares
Candida vaccinii

Endomyces geotrichum

Galactomyces geotrichum
Dipodascus albidus

Candida chiropterorum

Candida valdiviana
Candida drimydis

Waltomyces lipofer

Dipodascopsis uninucleata

Protomyces macrosporus

Protomyces pachydermus
Protomyces inouyei

Protomyces lactucae
Taphrina virginica
Taphrina carnea

Taphrina pruni subcordatae
Taphrina mirabilisTaphrina nana

Taphrina pruni
Taphrina ulmi

Taphrina communis
Taphrina flavorubra
Taphrina populina

Taphrina deformans
Taphrina wiesneri

Taphrina robinsoniana
Taphrina letifera

Neolecta vitellina
Neolecta irregularis

Saitoella complicata

Schizosaccharomyces pombe

Schiz osaccharomyces japonicus
Pneumocystis car inii

Calicium tricolor
Taphrina maculans

Taphrina californica
Chytridium confervae

Neocallimastix frontalis
Neocallimastix joyonii
Piromonas communis

Spizellomyces acuminatus

Allomyces macrogynus

Blastocladiella emersoniiChrysops niger
Drosophila melanogaster

Ceratitis capitata
Ornithoica vicina

Nephrotoma altissim
a

Lutzomyia shannoni
Aedes albopictusAedes aegyptiAedes punctor

Toxorhynchites ambionensis
Culex tritaeniorhynchus

Anopheles psuedopunctipennis
Anopheles albimanus

Eucorethra underwoodi
Dixella cornuta

Culicoides variipennis
Amblabesmia rhamphe

Simulium vittatumXenos vesparumStylops melittae
Mengenilla chobauti
Galleria mellonella

Archaeopsylla erinacei
Panorpa germanica

Anisochrysa car neaOliarces clara
Monolobus ovalipennis

Antarctonomus complanatusLoricera foveata
Loricera pilicornis pilicornis

Amarotypus edwardsiBembidion mexicanum
Bembidion levettei carrianumAsaphidion curtumDiplous californicusPatrobus longicornis

Pericompsus laetulusDiplochaetus planatusZolus helmsiMerizodus angusticollisSloaneana tasmaniaeBatesiana hilar isSchiz ogenius falliClivina ferreaDyschirius sphaer icollisMelisodera picipennisMecyclothorax vulcansAmblytelus curtusApotomus rufithoraxBroscosoma relictumCreobius eydouxiGalerita lecontei leconteiPseudaptinus rufulusAptinus displosorPterostichus melanar iusTetragonoderus latipennisDiscoderus cordicollisChlaenius ruficaudaCalybe laetulaAmara apricariaAgonum extensicolleCymindis punctigeraLoxandrus n sp nr amplithoraCnemalobus sulciferusCatapiesis brasiliensisMorion aridusBrachinus armigerBrachinus hirsutusPheropsophus aequinoctialisPasimachus atronitensScar ites subterraneusCarenum interruptumSiagona europaeaSiagona jennisoniClinidium calcaratumOmoglymmius hamatusOmus californicusCicindela sedecimpunctataMetrius contractusPachyteles striolaCymbionotum semelederiCymbionotum pictulumGehringia olympicaPromecognathus crassusLaccocenus ambiguusOmophron obliteratum
Psydr us piceusCeroglossus chilensisPamborus gueriniiCalosoma scrutatorCarabus nemoralisScaphinotus petersi catalinae

Cychrus italicusOpisthius richardsoniLeistus ferruginosus
Nebria hudsonicaNotiophilus semiopacusTrachypachus gibbsiiTrachypachus holmbergiSystolosoma lateritiumElaphrus californicus

Elaphrus clair villeiBlethisa multipunctata aurata
Mecodema fulgidum

Oregus aereus
Suphis inflatusCopelatus chevrolati renovatusHydroscapha natans

Xanthopyga cacti
Dynastes granti
Tenebrio molitor

Meloe proscarabaeus
Clambus arnetti

Phaeostigma notata
Leptothorax acervorum

Polistes dominulus
Graphosoma lineatum
Raphigaster nebulosa

Lygus hesperus
Hemiowoodwardia wilsoni

Hackeriella veitchi
Spissistilus festinus
Prokelisia marginata
Philaenus spumarius
Okanagana utahensis

Trioza eugeniae
Pealius kelloggii

Acyrthosiphon pisum
Aonidiella aurantii

Batrachideidae gen sp
Carausius morosus
Acheta domesticus
Mesoperlina pecircai

Aeschna cyanea
Lepisma sacchar ina

Lepidocyrtus paradoxus
Crossodonthina koreana

Hypogastrura dolsana
Podura aquatica

Theatops erythrocephala
Scolopendra cingulata

Cryptops trisulcatus

Craterostigmus tasmanianus
Lithobius variegatus

Scutigera coleoptrata

Pseudohimantarium mediterraneum
Clinopodes poseidonis

Cylindroiulus punctatus

Polydesmus coriaceus

Rhipicephalus appendiculatus

Hyalomma lusitanicum

Hyalomma rufipes

Hyalomma dromedarii

Rhipicephalus sanguineus
Boophilus microplus

Rhipicephalus zambeziensis

Rhipicephalus bursa
Boophilus annulatus

Rhipicephalus pusillus

Dermacentor andersoni

Dermacentor marginatus

Amblyomma triguttatum triguttat

Amblyomma vikirri

Aponomma fimbriatum

Aponomma latum

Amblyomma variegatum

Amblyomma tuberculatum

Amblyomma americanum

Amblyomma maculatum

Haemaphysalis iner mis

Haemaphysalis punctata

Haemaphysalis leporispalustris

Haemaphysalis humerosa

Haemaphysalis petrogalis

Haemaphysalis leachi

Aponomma undatum

Aponomma concolor

Ixodes auritulus

Ixodes ricinus

Ixodes affinis

Ixodes pilosus

Ixodes cookei

Ixodes simplex simplex

Ixodes kopsteini

Ixodes holocyclus

Carios puertoricensis

Ornithodoros moubata

Ornithodoros coriaceus

Otobius megnini

Argas lahorensis

Argas persicus

Megisthanus floridanus

Cosmolaelaps trifidus

Hypochthonius rufulus

Lohmannia banksi

Nothrus sylv estris

Xenillus tegeocranus

Euzetes globulosus

Allonothrus russeolus

Archegozetes longisetosus

Trhypochthonius tectorum

Nehypochthonius porosus

Steganacarus magnus

Gehypochthonius urticinus

Chortoglyphus arcuatus

Acarus siro

Eusimonia wunderlichi

Androctonus australis

Liphistius bicoloripes

Eurypelma californica

Odiellus troguloides

Pseudocellus pearsei

Limulus polyphemus

Callipallene gen sp

Berndtia purpurea

Trypetesa lampas

Octolasmis lowei

Paralepas palinuri

Lepas anatifera

Balanus eburneus

Chelonibia patula

Tetraclita stalactifera

Chthamalus fragilis

Verruca spengleri

Ibla cumingi

Calantica villosa

Loxothylacus texanus

Dendrogaster asterinae

Ulophysema oeresundense

Palaemonetes kadiakensis

Helice tridens

Philyra pisum

Callinectes sapidus

Pugettia quadridens

Raninoides louisianensis

Procambarus leonensis

Astacus astacus

Nephrops norvegicus

Panulirus argus

Oedignathus inermis

Penaeus aztecus

Stenopus hispidus

Artemia salina

Branchinecta packardi

Daphnia pulex

Bosmina longirostris

Daphnia galeata

Stenocypris major

Argulus nobilis

Porocephalus crotali

Milnesium tardigradum

Macrobiotus hufelandi

Thulinia stephaniae

Echiniscus vir idissimus

Euperipatoides leuckarti

Priapulus caudatus

Pycnophyes kielensis

Helix aspersa

Balea biplicata

Limicolaria kambeul

Laevicaulis alte

Onchidella celtica

Siphonaria algesirae

Anthosiphonaria sirius

Lymnaea glabra

Stagnicola palustris

Lymnaea stagnalis

Radix peregra

Lymnaea aur icularia

Fossar ia truncatula

Bakerilymnaea cubensis

Biomphalaria glabrata

Littorina obtusata

Littorina littorea

Fasciolaria lignaria

Nassar ius singuinjorensis

Pisania str iata

Reishia bronni

Thais clavigera

Rapana v enosa

Bursa rana

Monodonta labio

Antalis vulgaris

Scutopus ventrolineatus

Arctica islandica

Mercenaria mercenaria

Spisula subtruncata

Mulinia lateralis

Spisula solida

Spisula solidissima

Tresus nuttali

Tresus capax

Mactromeris polynyma

Hippopus hippopus

Hippopus porcellanus

Tridacna squamosa

Tridacna crocea

Tridacna maxima

Tridacna derasa

Tridacna gigas

Vasticardium flavum

Fulvia mutica

Fragum unedo

Fragum fragum

Corculum cardissa

Galeomma takii

Ostrea edulis

Crassostrea virginica

Nerita albicilla

Mytilus edulis

Mytilus trossulus

Mytilus galloprovincialis

Mytilus californianus

Geukensia demissa

Mimachlamys varia

Chlamys hastata

Crassadoma gigantea

Pecten maximus

Argopecten gibbus

Argopecten irradians

Placopecten magellanicus

Chlamys islandica

Atrina pectinata

Arca noae

Barbatia virescens

Acanthopleura japonica

Lepidochitona corrugata

Lepidozona coreanica

Eohemithyris grayii

Platidia anomioides

Stenosar ina crosnieri

Gryphus vitreus

Thecidellina blochmanii

Cancellothyris hedleyi

Terebratulina retusa

Liothyrella neozelanica

Liothyrella uva

Gwynia capsula

Calloria inconspicua

Gyrothyris mawsoni

Neothyris parva

Terebratalia transversa

Macandrevia cranium

Fallax neocaledonensis

Laqueus californianus

Megerlia truncata

Terebratella sanguinea

Notosaria nigricans

Hemithyris psittaceae

Neocrania anomala

Neocrania huttoni

Discina str iata

Glottidia pyramidata

Lingula lingua

Lingula anatina

Phoronis architecta

Phoronis psammophila

Phoronis vancouverensis

Alboglossiphonia heteroclita

Hirudo medicinalis

Haemopis sanguisuga

Barbronia weberi

Eisenia fetida

Lumbricus rubellus

Dero digitata

Xironogiton victoriensis

Sathodrilus attenuatus

Nereis virens

Aphrodita aculeata

Nereis limbata

Capitella capitata

Harmothoe impar

Sabella pavonina

Magelona mirabilis

Scoloplos armiger

Polydora ciliata

Pygospio elegans

Lanice conchilega

Nephtys hombergii

Glycera americana

Dodecaceria concharum

Chaetopterus variopedatus

Siboglinum fiordicum

Ridgeia piscesae

Ochetostoma erythrogrammon

Pedicellina cernua

Barentsia hildegardae

Barentsia benedeni

Symbion pandora

Plumatella repens

Alcyonidium gelatinosum

Porania pulvillus

Asterias amurensis

Astropecten irregularis

Stomopneustes variolaris

Mespilia globulus

Temnopleurus hardwickii

Salmacis sphaeroides

Tripneustes gratilla

Ophiopholis aculeta

Strongylocentrotus intermedius

Colobocentrotus atratus

Echinus esculentus

Sphaerechinus granularis

Psammechinus miliaris

Diadema setosum

Centrostephanus coronatus

Eucidaris tribuloides

Fellaster zelandiae

Cassidulus mitis

Echinodiscus bisperforatus

Encope aberrans

Echinocardium cordatum

Brissopsis lyr ifera

Meoma ventricosa

Arbacia lixula

Asthenosoma owstoni

Psychropotes longicauda

Cucumaria sykion

Lipotrapeza vestiens

Stichopus japonicus

Ophiocanops fugiens

Amphipholis squamata

Strongylocentrotus purpuratus

Ophiomyxa brevirima

Ophioplocus japonicus

Astrobrachion constrictum

Antedon serrata

Endoxocrinus parrae

Eptatretus stouti

Myxine glutinosa atlantic hagfis

Petromyzon marinus

Lampetra aepyptera

Plethodon yonhalossee

Amphiuma tridactylum

Siren intermedia

Ambystoma mexicanum

Eleutherodactylus cuneatus

Hyla cinerea

Bufo valliceps

Nesomantis thomasseti

Gastrophryne carolinensis

Xenopus laevis

Scaphiopus holbrooki

Discoglossus pictus

Grandisonia alternans

Hypogeophis rostratus

Ichthyophis bannanicus

Typhlonectes natans

Homo sapiens

Mus musculus

Rattus norvegicus

Oryctolagus cuniculus

Alligator mississippiensis

Turdus migratorius

Gallus gallus

Heterodon platyrhinos

Sceloporus undulatus

Sphenodon punctatus

Pseudemys scr ipta

Latimeria chalumnae

Elops hawaiiensis

Megalops atlanticus

Ophichthus rex

Echiophis punctifer

Hiodon alosoides

Albula vulpes

Salmo trutta

Oncorhynchus kisutch

Cyprinus carpio

Ictalurus punctatus

Clupea harengus

Fundulus heteroclitus

Amia calva

Lepisosteus osseus

Polyodon spathula

Sebastolobus altivelis

Rhinobatos lentiginosus

Echinorhinus cookei

Squalus acanthias

Notorynchus cepedianus

Branchiostoma floridae

Halocynthia roretzi

Styela plicata

Herdmania momus

Oikopleura dioica

Doliolum nationalis

Thalia democratica

Pyrosoma atlanticum

Ciona intestinalis

Saccoglossus k
owalevskii

Balanoglossus car nosus

Dicyema acuticephalum

Dicyema orientale

Sagitta elegans

Sagitta crassa

Paraspadella gotoi

Phascolosoma granulatum

Prostoma eilhardi

Haplogonaria syltensis

Atriofonta polyvacuola

Actinoposthia beklem
ischevi

Aphanastoma virescens

Convoluta pulchra

Anaperus tvaerm
innensis

Sym
sagittifera psam

m
ophila

Convoluta roscoffensis

Convoluta naikaiensis

Anaperus biaculeatus

Paedomecynostomum bruneum
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Circular Model of 
the Diversity of Life

This circular model  
shows how the diversity  
of life has increased  
over time.
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Platypus lay eggs, yet suckle their young. These characteristics 
show how mammalian reproductive systems have evolved over time.  

Make Your Case
Carolus Linnaeus lived long before evolutionary theory and genetics 
provided a framework for biology. So, Linnaeus classified organisms 
based on shared visible characteristics, and had no scientific way to 
determine the relative importance of those characteristics in group-
ing organisms. No wonder it was difficult to use his system to classify 
oddballs like the platypus! Modern taxonomy includes anatomical, 
physiological, and genetic characteristics, and uses evolutionary the-
ory to evaluate the relative importance of those traits in classification.

Develop a Solution
1.	Construct an Explanation  Why did scientists in the 1800s struggle to 

classify the platypus, and how does evolutionary classification inform 
that task? 

2.	Develop a Model  All mammals except monotremes give birth to live 
young. Research other shared and derived mammalian traits and con-
struct a simple cladogram that shows the relationships among the three 
main groups of mammals: marsupials, monotremes, and placentals.

CASE STUDY WRAP-UP

It’s a duck! 
	No, it’s a beaver!  
No, it’s a platypus! 

HS-LS4-1
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Technology on the Case
Genes, Computers, and Taxonomy 
Early taxonomists relied on visible differences 
among organisms that could be seen with the 
naked eye. The invention and refinement of 
microscopes, the development of evolutionary 
theory, the ability to study amino acid sequences 
of ancient proteins, and techniques that enabled 
us to “read” information coded in DNA all trig-
gered dramatic changes in the ways scientists 
name and classify organisms. 

In recent years, advances in molecular biol-
ogy and computer science have fueled incredible 
growth and change in taxonomy. A few decades 
ago, scientists struggled to study the amino acid 
sequences in ancient proteins like cytochrome c. 
Today, automated technology is able to sequence 
entire genomes in a few hours! This technology 
puts an astonishing amount of data at the dis-
posal of taxonomists. A great gift to taxonomy? 
Absolutely! But the volume of those data creates 
a question: How do we understand and interpret 
all that information?

Recall that modern taxonomy attempts to 
classify organisms into groups that represent evo-
lutionary lines of descent. For traits such as bones 
and teeth, fossils can help determine which traits 
are old and shared by many organisms, and 
which are newer and shared only by smaller taxa.

But how can researchers make those kinds 
of determinations with DNA sequences? 
Computers can sort through vast amounts of 
data … but HOW should they do the sorting? 
Which DNA sequences are old, shared traits? 
Which are newer, derived traits? The emerging 
rules are complicated … and the evolving sci-
ence of taxonomy is rising to the challenge!  

Careers on the Case
Work Toward a Solution
Many scientists might study the platypus or 
another species that poses puzzling questions. 
However, the task of classifying the species 
belongs to the taxonomist.

Taxonomist
Studying biology in high school 
and college is the first step 
to becoming a taxonomist. 
Taxonomists study further to 
specialize in the taxonomy of 
plants, insects, or other animals. 
Taxonomists may work for universities, the gov-
ernment, museums and, zoos or research firms. 
Strong research skills and a love of nature are 
keys to success in this career.

Learn more about taxonomists and 
related careers.

VIDEO
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STUDY GUIDE
CHAPTER 19

19.1 Finding Order in Biodiversity
Scientists found that they needed a universal nam-
ing system to clearly communicate with each other 
about the organisms they discovered and studied. 
In the Linnaean system of organization, each living 
thing is given a two-part name consisting of its 
genus and species. This system is called binomial 
nomenclature. 

In addition to naming organisms, biologists try to 
classify them into larger groups that have biologi-
cal meaning. The science of naming and grouping 
organisms is systematics. 

Linnaeus’s original classification system eventu-
ally expanded to include seven hierarchical taxa: 
species, genus, family, order, class, phylum, and 
kingdom. The first classification system consisted 
of only two kingdoms, Plantae and Animalia.

Over time, the classification system expanded from 
a two-kingdom system to a six-kingdom system. 
Then biologists added a new level that is larger 
and more inclusive than a kingdom—the domain. 
Under this system there are three domains: 
Bacteria, Archaea, and Eukarya.

•	taxonomy
•	binomial nomenclature
•	genus
•	systematics
•	taxon
•	family

•	order
•	class
•	phylum
•	kingdom
•	domain

19.2 Modern Evolutionary 
Classification
In modern evolutionary classification, organisms 
are grouped into categories that reflect their evo-
lutionary descent. This system places organisms 
into higher taxa whose members are more closely 
related to one another than they are to members 
of any other group. The larger the taxon, the more 
ancient the common ancestor of the group.

A cladogram shows evolutionary lineages that 
branched off from common ancestors. Each branch 
in a cladogram is associated with a derived char-
acter, a trait that arose in the most recent common 
ancestor and was passed to its descendants. In 
general, the more derived characteristics two spe-
cies share, the more closely they are related.

Cladograms can be assembled into a tree of all life. 
Whether displayed as a form that branches outward 
and upward or as a circle branching from the center, 
the tree of all life shows the current hypotheses 
regarding evolutionary relationships within the three 
domains of life: Archaea, Bacteria, and Eukarya.

•	phylogeny
•	clade

•	cladogram
•	derived character

Lesson Review
Go to your Biology Foundations Workbook for longer versions of these lesson summaries.

 Review �What is the name of the most specific 
taxon that contains all these animals?

 Apply Concepts �Coyotes and lions are both 
members of the clade Carnivora. What other 
clades include both animals? Name some other 
animals that are members of these clades.

Dromedary  Llama Platypus
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Organize Information
Complete the Cornell notes for this chapter. First, finish the notes on main 
ideas and details. Next, select the key points from your notes. Finally, write a 
summary of the chapter based on your key points.

Name:

Notes

Cue Words
binomial nomenclature =two-part scientific name

I. Order in Biodiversity
  A. Assigning Scientific Names

Summary

Date:
Period:
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PERFORMANCE-BASED ASSESSMENT

Construct a Model

A cladogram is a model that presents 
a hypothesis about how groups of 

organisms are related. Members of each clade 
should be more closely related to each other 
than they are to members of any other clade. 

To construct a cladogram, scientists focus on 
derived characters that define evolutionary  
lineages. For example, a backbone, or  
vertebral column, formed by vertebrae is a 
derived character for the clade Vertebrata. 

All members of that clade, and only members of 
that clade, have a vertebral column. This means 
that a vertebral column evolved once in the 
common ancestor shared by all vertebrates. That 
character was then passed on to all descendants 
of that common ancestor.

How is the clade Vertebrata divided into smaller 
clades? By using other traits that later evolved 
in some, but not all, vertebrates. Use the table 
of characters to build a cladogram model that 
shows the evolution of vertebrates.

STEM

Build a 
Cladogram

Vertebrate? Bony
skeleton?

Four
limbs?

Amniotic
egg? Hair? Eggs with

shells?
Yes

Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes

No No

No

No

No
No

No

No
No
No
No
Yes
Yes

No

No
No
Yes
Yes
No
No

Sharks and relatives
Ray-finned fishes
Amphibians
Crocodiles
Dinosaurs and birds
Primates
Rodents

HS-LS4-1, CCSS.ELA-LITERACY.SL.9-10.4, CCSS.ELA.LITERACY.SL9-10.5, CCSS.ELA-LITERACY.RST.9-10.7,  
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SCIENCE PROJECT

1.	Draw Conclusions �Of the six characters listed in 
the table, which was found in the common ances-
tor of all seven groups? Explain your inference.

2.	Infer �Traits found in some or all vertebrate 
groups include a bony skeleton, four limbs, and 
an amniotic egg. Which evolved first? Which 
evolved next? Explain your inference.

3.	Use a Model �The diagram shows a small section 
of the cladogram that explains the evolution of 
the seven animal groups. What does this section 
show about the evolution of primates, rodents, 
and rabbits?

4.	Develop a Model �Expand your cladogram to 
show the evolutionary lineages of all seven 
groups listed in the table. Use labels at branch 
points in the lineages to show the derived char-
acters that evolved over time.

5.	Communicate Information �Research the evolu-
tion of vertebrates, focusing on the evolution of 
the traits used in your model in the fossil record. 
In an oral report or written paragraph, use the 
cladogram to organize and present the results of 
your study.

Hair

Rodents &
 rabbits Primates

Performance-Based Assessment  635





CHAPTER 19

ASSESSMENT

 KEY QUESTIONS AND TERMS

19.1  Finding Order in Biodiversity

1.	 The scientific name for a species has how many 
parts?
a.	one	 c.	three
b.	two	 d.	four

2.	 Arrange the taxa from most specific to most 
general.
class family genus kingdom

order phylum species

3.	 Study the picture.

 Dromedary Llama  Giraffe PlatypusBactrian
camel

Coral
snake

Sea star

		  The animals shown here are grouped together in 
the same
a.	family.	 c.	genus.
b.	phylum.	 d.	kingdom.

4.	 How does the modern system of classification 
compare to Linnaeus’s original system?

5.	 How have the organisms in the old Kingdom 
Monera been reclassified today?

6.	 What are the three domains?

7.	 Which four of the six kingdoms are grouped 
together in the same domain?

8.	 Identify the kingdom for each of these organisms.

a.	 	 c.	

b.	 	 d.	

19.2 � Modern Evolutionary 
Classification

9.	 A common ancestor and all its descendants make 
up a
a.	clade.	 c.	kingdom.
b.	domain.	 d.	order.

10.	 The members of which domain are most apt 
to live in harsh habitats, such as brine pools or 
volcanic hot springs? 
a.	Archaea	 c.	Eukarya
b.	Bacteria	 d.	Monera

11.	 Which cell structure distinguishes members of 
domain Eukarya from other organisms?
a.	cell wall
b.	cell membrane
c.	cytoplasm
d.	nucleus

Use the diagram to answer questions 12 and 13.

1 2 3 4

12.	 What do the lines in the diagram represent?

13.	 What is represented by the intersection of two 
lines in the diagram?

14.	 How do derived genetic characters help reveal 
evolutionary relationships?

15.	 Why can differences in mitochondrial DNA be 
used as derived characters?

16.	 What does a model called the tree of life show 
about all living things?

17.	 Give an example of a kingdom from an older clas-
sification scheme that is not a valid clade. Why is it 
not valid?

18.	 What does the term phylogeny describe about 
organisms?

19.	 How is a derived character different from other 
shared traits of a clade?

HS-LS4-1
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CRITICAL THINKING

20.	 Compare and Contrast  How are members of the 
domains Bacteria and Archaea alike? How are they 
different?

21.	 Apply Concepts  Both snakes and worms are tube 
shaped and lack legs. How could you determine 
whether their similarity in shape means that they 
share a recent common ancestor?

22.	 Ask Questions  What questions would Linnaeus 
ask to determine a classification? What questions 
would a modern taxonomist ask?

23.	 Construct an Explanation  What are the advan-
tages of classifying species according to their evo-
lutionary relationships, rather than their physical or 
behavioral similarities?

24.	 Use Models  Taxa act as a model of evolutionary 
relationships. Scientists now use the taxonomic 
category of the domain to organize the kingdoms 
of life. How is the domain an improvement to the 
model?

25.	 Apply Scientific Reasoning  A cladogram for bats 
includes the development of wings for flight. Birds 
also fly, so should they also be included in the 
cladogram? Explain your reasoning.

26.	 Synthesize Information  Why is kingdom 
“Protista” not an example of a clade?

27.	 Ask Questions  Corals are multicellular organ-
isms that live underwater. As adults they do not 
move from place to place. What questions would 
you ask to help you classify them into the proper 
kingdom? 

28.	 Evaluate Claims  A student claims that beaks, hol-
low bones, and feathers are derived characters of 
birds, which are members of the clade Theropoda. 
What evidence would support this claim?

29.	 Compare and Contrast  People often use a 
diagram called a family tree as a model of their 
extended family. The diagram shows parents, chil-
dren, siblings, and other family relationships. How 
does a family tree compare to the tree of life?

30.	 Infer  Birds, reptiles, and mammals are each 
members of one class only. Fishes, however, are 
organized into three classes. What can you infer 
about fishes from their diverse classifications?

Use the cladogram shown below to answer 
questions 31–33.

La
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pr
ey

Tr
ou

t

Sa
la

m
an

de
r

Li
za

rd

W
al

la
by

Backbone

Four Limbs

Amniotic Egg

Mammary
Glands

Notochord

31.	 Interpret Diagrams  Of the characteristics listed in 
the cladogram, which do lizards and salamanders 
have in common?

32.	 Draw Conclusions  The diagram identifies 
five derived characters. What conclusion does 
the diagram support about the order in which the 
five derived characters evolved?

33.	 Integrate Information  A tuatara has a backbone 
and four limbs, but does not develop from an 
amniotic egg. Where does it fit in the cladogram? 
Explain.

HS-LS4-1

Chapter Assessment  637



ASSESSMENT
CHAPTER 19



CROSSCUTTING CONCEPTS

34.	 Systems and System Models  How is the classifi-
cation of an organism in the Linnaean system simi-
lar to the street address of a house? (Hint: Think of 
an address used for international mail.)

35.	 Patterns  What evolutionary pattern does every 
cladogram show?

Use the diagram to answer questions 36–38.
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36.	 Systems and System Models  Turtles, lizards, 
snakes, and crocodiles are all classified as reptiles. 
Why is this group of animals not a clade?

37.	 Stability and Change  Did ray-finned fishes evolve 
from sharks? Use the diagram to support your 
answer.

38.	 Systems and System Models  Mammals have four 
limbs, give birth to live young, and make milk for 
their young. How could you determine which of 
these traits, if any, is a derived character of the 
clade of mammals?

MATH CONNECTIONS

Analyze and Interpret Data

The table describes the characteristics of five different 
organisms. Use the table to answer questions 39–41.

Hair

Amniotic egg

Four legs

Jaw

Vertebrae

No

Yes

Yes

Yes

Yes

No

No

No

No

Yes

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

No

Yes

Yes

Turtle CatLamprey Frog Fish

39.	 Interpret Data  The first column lists derived char-
acters that can be used to make a cladogram of 
vertebrates. Which characteristic is shared by the 
most organisms? Which is shared by the fewest?

40.	 Develop a Model  Use the data to sequence the 
organisms from the most recently evolved to the 
most ancient.

41.	 Draw Conclusions  Which of the characteristics 
shown in the table was the most likely to have 
evolved first? Which evolved most recently? Explain.

A scientist analyzes the DNA of complementary mito-
chondrial genes from five organisms, labeled A to E. 
Each organism represents a different species. The data 
table shows the number of base-pair differences in the 
DNA of any two of the organisms. Use the data table 
to answer questions 42–44.

A B C D E
A × 18 3 29 10

B 18 × 26 4 12

C 3 26 × 20 13

D 29 4 20 × 11

E 10 12 13 11 ×

42.	 Interpret Data  Identify the two most recent evo-
lutionary events that the data suggest.

43.	 Develop Models  Draw a cladogram that is sup-
ported by the data.

44.	 Evaluate Models  What aspects of the cladogram 
are strongly supported by the data? Which are 
more weakly supported? Explain your evaluation.

LANGUAGE ARTS CONNECTION

Write About Science

45.	 Write Explanatory Texts  Write a paragraph to 
explain how species are classified into clades.

46.	 Write Arguments  How is the clade system of 
classification more useful than the Linnaean 
taxonomic system?

Read About Science

47.	 Key Ideas and Details  You are a reviewer of a paper 
on the discovery of new species in the Amazon 
jungle. Two new species of beetles have been found, 
beetle A and beetle B, that closely resemble each 
other but have somewhat different markings on their 
wings. In addition, both beetles resemble beetle C, a 
species that has already been identified. How could 
DNA similarities be used to help determine whether 
beetle A and beetle B are more closely related to 
each other or to beetle C? Cite evidence from the 
text to support your analysis.  

CCSS.ELA-LITERACY.WHST.9-10.1, CCSS.ELA-LITERACY.WHST.9-10.2

CCSS.MATH.CONTENT.MP4

CCSS.ELA-LITERACY.RST.9-10.1

638  Chapter 19  Biodiversity and Classification



End-of-Course Test Practice  639

END-OF-COURSE TEST PRACTICE

If You Have Trouble With…
Question 1 2 3 4 5

See Lesson 19.2 19.2 19.2 19.2 19.2

Performance Expectation HS-LS4-1 HS-LS4-1 HS-LS4-1 HS-LS4-1 HS-LS4-1

Questions 1–3 refer to the following diagram.

Ancestor
of all plants

Flowering plants
Mosses Ferns

Embryo
Vascular 
tissues

Seeds
Flowers

Cone-bearing
plants

1.	 According to the cladogram, which of these 
organisms appeared before all the others?
A.	mosses
B.	 a plant with vascular tissue
C.	 an organism that developed from an embryo
D.	a plant that made seeds
E.	 ferns

2.	 What conclusion about flowers is supported by the 
evidence in the cladogram?
A.	Flowers evolved more recently than seeds and 

vascular tissue.
B.	 Flowering plants have a reproductive advan-

tage over cone-bearing plants
C.	Most plants alive today produce flowers.
D.	Flowers are a trait of living plant species, but 

not extinct species.
E.	 Flowers evolved from cone-bearing plants.

3.	 Two students are studying plants to determine 
the closest relatives to cone-bearing plants. 
Which conclusion could they make based on the 
cladogram?
A.	Cone-bearing plants are most closely related to 

ferns because they both have vascular tissues. 
B.	 Cone-bearing plants are most closely related to 

ferns because they share the most recent com-
mon ancestor. 

C.	Cone-bearing plants are equally related to 
mosses, ferns, and flowering plants because 
they are all in the same clade. 

D.	Cone-bearing plants are most closely related 
to flowering plants because they both have 
flowers. 

E.	 Cone-bearing plants are most closely related to 
flowering plants because they share the most 
recent common ancestor. 

4.	 Compared to the Linnaean system of classification, 
what is the advantage of classifying species into 
clades?
A.  Clades show evolutionary relationships.
B.  Clades identify domains and kingdoms.
C. Clades group single-celled organisms sepa-

rately from multicellular organisms.
D. Clades include more species.
E.  Clades exclude species that are now extinct

5.	 Scientists struggled with classifying red pandas 
and giant pandas because they have physical 
similarities to both raccoons and bears. How has 
the availability of DNA evidence affected the 
evolutionary classification of organisms such as the 
pandas?  
A. Organisms with the most shared derived 

genetic characters are considered the most 
closely related.

B. Organisms with the most shared derived 
genetic characters are classified in the most 
clades.   

C. DNA evidence has had little impact because 
derived physical characters are still more 
important than derived genetic characters. 

D. Derived genetic characters can be used to 
identify evolutionary relationships, but only 
if organisms have some shared physical 
characteristics. 

E. DNA analysis has confirmed species classifica-
tions based on derived physical characters, but 
no new classifications have been suggested.
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